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Summary

Soil minerals are known to influence the biological stability of soil organic matter (SOM). Our study

aimed to relate properties of the mineral matrix to its ability to protect organic C against decomposition

in acid soils. We used the amount of hydroxyl ions released after exposure to NaF solution to establish a

reactivity gradient spanning 12 subsoil horizons collected from 10 different locations. The subsoil

horizons represent six soil orders and diverse geological parent materials. Phyllosilicates were character-

ized by X-ray diffraction and pedogenic oxides by selective dissolution procedures. The organic carbon

(C) remaining after chemical removal of an oxidizable fraction of SOM with NaOCl solution was taken

to represent a stable organic carbon pool. Stable organic carbon was confirmed as older than bulk

organic carbon by a smaller radiocarbon (14C) content after oxidation in all 12 soils. The amount of

stable organic C did not depend on clay content or the content of dithionite–citrate-extractable Fe. The

combination of oxalate-extractable Fe and Al explained the greatest amount of variation in stable

organic C (R2¼ 0.78). Our results suggest that in acid soils, organic matter is preferentially protected

by interaction with poorly crystalline minerals represented by the oxalate-soluble Fe and Al fraction. This

evidence suggests that ligand exchange between mineral surface hydroxyl groups and negatively charged

organic functional groups is a quantitatively important mechanism in the stabilization of SOM in acid

soils. The results imply a finite stabilization capacity of soil minerals for organic matter, limited by the

area density of reactive surface sites.

Introduction

Minerals exert control over soil organic matter (SOM) content

through mechanisms that protect either organic inputs or their

decomposition products against biological attack. Models of

SOM turnover, while incorporating soil texture (i.e. clay con-

tent) as a key element in carbon (C) dynamics, generally treat

the impact of clay on C stabilization as being independent of

clay mineralogy (Paustian et al., 1997). However, more than

five decades ago Allison et al. (1949) showed that the amount

of organic C surviving in a decomposition experiment

depended on the type of clay mineral present. Recent research

also indicates a differential capacity of minerals to adsorb and

protect organic matter as a result of mineral-specific properties

such as surface area, charge characteristics and porosity (Krull

et al., 2003).

Schnitzer & Kodama (1992) emphasized the importance of

poorly crystalline minerals for C retention and turnover in

soils. Jahn et al. (1992) and Torn et al. (1997) showed that the

ability of volcanic soils to store organic C is a function of their

content of poorly crystalline minerals, and declines with the

accumulation of more-crystalline minerals in the course of

pedogenesis. Similar results were obtained by Percival et al.

(2000) for 167 pedons from 12 soil orders in New Zealand:

they found that clay content explained little (R2¼ 0.01) of the

variation in soil C while significant linear relationships were

observed with parameters representative for poorly crystalline

minerals (R2 of 0.37, 0.50 and 0.60 for oxalate-extractable

Si (Sio), oxalate-extractable Al (Alo) and pyrophosphate-

extractable Al (Alp), respectively).

Abundant evidence suggests the mechanism of ligand

exchange between carboxyl groups of organic matter and

hydroxyl groups at the surfaces of mineral phases to be the

most important control on the formation of stable organic–

mineral matter complexes under acid conditions (e.g. Kaiser &

Guggenberger, 2000). Hydroxyl-bearing phases, such as Fe

(hydr)oxides and poorly crystalline aluminosilicates, should

therefore control the amount of SOM that might be stabilized

by interaction with a mineral matrix in acid soils.
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Processes that stabilize SOM, such as organic–mineral

interactions, reduce decay rates. Hence, other conditions

being equal, the relative stability of two soil fractions can be

assessed by their rate of decay or by the age of the organic C

they contain. Soil organic matter resistant to chemical degrad-

ation procedures has been shown to be older than bulk

organic C before treatment (Balesdent, 1996) and to comprise

more refractory organic carbon structures (Cuypers et al.,

2002).

Since chemical oxidative degradation induces changes in

SOM composition similar to those observed during biodegrad-

ation, the residual organic C could reflect a C fraction rela-

tively (i.e. compared with what was oxidized) resistant to

biodegradation as well (Cuypers et al., 2002).

The main objective of this study was to test the hypothesis

that the extent to which an acidic soil can protect organic C

against chemical attack depends on the amount of poorly

crystalline minerals. We further hypothesize that the stabiliz-

ing effect of poorly crystalline minerals towards soil C might

not be restricted to allophanic soils, but could operate to an

unknown extent in any acidic soil.

To test these hypotheses, we compared the relations between

organic carbon contents and some variables representing

poorly crystalline mineral phases before and after the isolation

of a stable organic carbon fraction with NaOCl. To approxi-

mate its general applicability, we used 12 acid subsoils of

different mineralogical composition, including soils containing

various amounts of phyllosilicates, short-range order minerals,

and Al and Fe (hydr)oxides.

Materials and methods

Sample selection and pretreatment

Sample selection was based on the underlying assumption that

a protection mechanism depending on mineral surface reactiv-

ity must be effective regardless of geographical site location,

climate regime, vegetation type, or horizon depth. Therefore,

sampling was designed to maximize (i) differences in surface

reactivity and (ii) mineralogical variability. Accordingly, the

12 soils sampled represent a gradient from low (siloxane-type)

to high (short-range order-type) mineral surface reactivity as

expressed by fluoride reactivity (Table 1).

The phyllosilicate mineral assemblage was intended to

represent all major phyllosilicate species (Figure 1) in order

to avoid a bias towards a single mineralogical class. Soils

containing allophane were not the focus of this study and

thus were intentionally omitted, as were calcareous soils. The

absence of allophane from samples with large Sio values (Soils

9–11) was verified in previous work (Kleber et al., 2003,

2004a). For each soil, subsurface horizons were chosen to

minimize the amount of particulate organic matter not asso-

ciated with mineral surfaces. The samples were air-dried and

sieved to < 2mm.

Fluoride reactivity

Fluoride reactivity was proposed as a differential criterion

between well- and poorly ordered minerals by Bracewell et al.

(1970). The fluoride reactivity of the samples was determined

according to Perrott et al. (1976), who showed that the increase

in pH when a NaF solution is added to a soil reflects the

reactivity of the mineral surfaces. Briefly, 20ml of a 0.85M

NaF solution prepared with CO2-free water and adjusted to

pH6.8 was added to a 100mg soil sample. The suspension was

kept at a constant pH by titrating the OH– released under a

continuous argon flow at 25�C with 0.2M HCl from a micro-

syringe burette using an automatically recording Titrigraph.

Physical soil properties

Basic soil properties, including particle-size distribution and

specific surface area (SSA), were measured according to

Siregar et al. (2004). Phyllosilicate mineralogy was determined

by X-ray diffraction on oriented specimens of clay fractions as

described in Kleber et al. (2004b).

Chemical properties and selective dissolution

Soil pH, cation exchange capacity (CEC), organic C, total N

as well as dithionite–citrate-, oxalate- and pyrophosphate-

extractable elements were determined as detailed by Siregar

et al. (2004). Selective dissolution data were interpreted

according to Wada (1989): dithionite–citrate-extractable Fe

(Fed) is taken to represent both crystalline and poorly crystal-

line Fe oxides, and dithionite–citrate-extractable Al (Ald)

represents Al substituted in Fe oxides and from the partial

dissolution of poorly ordered Al (oxy)hydroxides. Acid

oxalate is supposed to extract Al, Fe and Si from poorly

crystalline aluminosilicates, ferrihydrite, and Al- and Fe-humus

complexes, but not from gibbsite, goethite and haematite, or

from layer silicates. Pyrophosphate is used for estimation of Fe

and Al associated with organic matter. The Fe activity ratio

(Feo/Fed) reflects the poorly crystalline fraction of total Fe

oxides. Thus, Fed�Feo represents crystalline Fe oxides,

while Aloþ 0.5Feo is a diagnostic criterion employed to distin-

guish subtypes of andic properties in soil taxonomy (Shoji et al.,

1996).

Isolation of stable organic C

An oxidation-resistant organic C fraction was isolated by

means of a NaOCl treatment as described by Siregar et al.

(2004). Radiocarbon content of organic matter before and

after oxidation was measured by accelerator mass spectro-

metry at the Lawrence Livermore National Laboratory on

targets prepared by zinc reduction. Before target preparation,

samples were held under an atmosphere of HCl overnight to

avoid possible contamination with inorganic carbon and were
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subsequently dried at 105�C. Radiocarbon content is expressed

as �14C, the deviation of the 14C/12C ratio in the sample from

that of an oxalic acid standard, with decay and 13C corrections

according to Stuiver & Polach (1977). In the late 1950s to early

1960s, above-ground nuclear weapons testing caused a large

increase in atmospheric 14CO2. The �14C unit is normalized

such that the pre-1950 atmosphere was roughly �14C¼ 0. A

negative �14C indicates that radioactive decay of older mate-

rial has occurred, and positive values of �14C indicate the

presence of bomb-produced 14C.

Analytical precision

All chemical analyses were done in triplicate and the mean

values are reported. The standard errors were less than 1% of

the means throughout, with few minor deviations, and are

therefore not represented in Tables 1–3 for clarity.

Data analysis

We examined the relationship between soil C content in

untreated and NaOCl-treated samples and physical soil prop-

erties and selective dissolution data with single variable linear

regression. All regression analyses were carried out with

PlotIT for Windows.

Results

Organic C removal

Treatment with NaOCl removed different amounts of organic

matter (Figure 2a). This indicates that, within the sample

population, there is either a varying degree of recalcitrance

of SOM, or a different degree of protection exerted by the

mineral matrix, or both. The NaOCl treatment also changed

the C/N ratios of SOM, with a greater relative N loss in soils

containing larger amounts of poorly crystalline Fe and Al

(Figure 3); this indicates less mineral protection for

N-containing organic compounds.

Chemical degradation and sample properties

The decline in organic C contents following NaOCl treatment

was accompanied by a concomitant decline in CEC (except

Ferralsol No. 4). The observed increase of SSA after chemical

oxidation of SOM has been frequently reported and was

attributed to the removal of organic coatings from mineral

surfaces (Siregar et al., 2004).

The NaOCl treatment did not significantly alter the contents

of dithionite–citrate- and oxalate-extractable Fe, Al, and Si

(Tables 2 and 3), supporting the idea that NaOCl leaves poorly

crystalline mineral components largely intact (Siregar et al.,

2004).
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Figure 1 X-ray diffraction scans of oriented specimens (Mg-saturated,

glycerolated) from the clay (< 2mm) fractions of the 12 subsoil

horizons, arranged by identification number (Table 1). Dotted vertical

lines represent d-spacings in nm. All scans are normalized to the

0.71 nm peak to facilitate comparison of relative phase abundance.
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